[1] Jupiter's immense magnetotail was uniquely traversed and observed in situ to 2562 Jovian radii (R J = 71,492 km) for the first time by the Pluto-bound New Horizons spacecraft during the first half of 2007. We show evidence that energetic ions with sulfur-rich composition traceable to Io's volcanism originated 150 ± 40 R J antisunward of the planet and were recurrently released and funneled by the magnetic field down the magnetotail. Ions detected at New Horizons by the Pluto Energetic Particle Spectrometer Science Investigation (PEPSSI) instrument showed unmistakable signatures of velocity dispersion. We performed a survey of the unambiguous dispersion events observed by PEPSSI and provide a quantitative description of each event's dispersion characteristics. Energetic ions are sensitive probes of the magnetic field structure in the magnetotail; so, for a case study of one of the most interesting events, beginning on day of year 118, 28 April 2007, we are also able to estimate small-scale features of the magnetotail. Our observations (which include energies above $2 keV/nuc and total energies below $1 MeV), combined with straightforward simulations of particle flow, are consistent with narrow spatial structures, or filaments, on the order of 5 R J wide in the $400 R J wide > 9000 R J long magnetotail; the Solar Wind Around Pluto plasma instrument measurements show coherent structures on a much larger scale ($500 R J ) in the same region.
Introduction
[2] Intriguing energetic particle activity has been observed in our solar system's largest coherent structure, the Jovian magnetotail, since in situ measurements began there in the 1970s. The Voyager 2 and Galileo spacecraft observed energetic particle episodes in the Jovian magnetotail region, with flows both toward and away from the planet. In 1979 Voyager 2 observed a highly anisotropic beam of $100 keV ions directed generally tailward from its position $100 Jovian radii (R J = 71,492 km) [Seidelmann et al., 2007] down the tail at approximately 0300 local time [Krimigis et al., 1980] . The authors characterized the population as probably being oxygen and sulfur and note that the region of space dominated by this population is $2 R J across. Using data from Galileo, Krupp et al. [1998] reported on more predawn particle bursts similar to the one seen by Voyager 2. These recurrent bursts, observed in September and October 1996, lasted several hours and covered the full instrument energy range from 15 keV to 55 MeV. The Galileo bursts were observed within the corotational flow, leading Krupp et al. [1998] to suggest that the bursts are associated with ''a major reconfiguration of the Jovian magnetotail'' that occurs quasiperiodically with a $2.6-day period that may be a fundamental time constant of the system.
[3] Woch et al. [2002] point out that planetary rotation controls the magnetospheric plasma at least to 150 R J from Jupiter (the farthest nightside distance reached by Galileo during its tour), and that this corotating flow is punctuated by ubiquitous, quasi-periodic ($2 -3 days) explosive events that should be considered a fundamental property of the Jovian magnetosphere. They did a statistical study of the flow directions of ions down to 22 keV and found a boundary between inflowing and outflowing bursts at $120 R J near local midnight and inside of 100 R J in the premidnight and postmidnight sectors. The interpretation they put forth relates the events to a large-scale instability that is also partially exhibited by auroral emission. Grodent et al. [2004] discuss transient night side auroral spots, which they relate empirically to magnetic reconnection events occurring >100 R J down the tail, with an inferred reconnection region having a scale of 5 -50 R J . Such spots were observed to occur near dawn with the same quasiperiodicity of 2 -3 days [Radioti et al., 2008] .
[4] Kronberg et al. [2007] report on a possible physical mechanism to describe the quasiperiodic bursts. They imagine three stages of the night side magnetosphere. The first is the initial state without mass loading of the dipolelike field line flux tubes in the tailward direction. Then the centrifugal force and continued mass loading from an internal source elongate the magnetic field lines. Finally the stretching results in a pinching of the field lines resulting in a magnetic ''x line'' and a magnetic reconnection event liberates a plasmoid down the tail while the remaining field attached to the planet relaxes into the original massunloaded state. Their theoretical development yields the $2 -3 day quasiperiodicity observed for a mass-loading rate of $250 kg/s, with other reasonable, but not well constrained, parameter choices, such as a plasma sheet thickness of 2.5 R J .
[5] Before New Horizons the only continuous observations in the magnetotail proper (i.e., inside the magnetopause), extended to 150 R J and were made with instrumentation aboard the Galileo Jupiter orbiter during its 1995-2003 tour of the system [Krupp et al., 2004] . Two other encounters were made with the magnetosphere down the magnetotail. In 1981 the Voyager 2 spacecraft entered and made measurements deep in the magnetotail out to $9000 R J (4.3 AU) antisunward of Jupiter as it neared its encounter with Saturn [Scarf et al., 1981; Lepping et al., 1982; Kurth et al., 1982] . In 2000 -2001 the Saturn-bound Cassini spacecraft skimmed the magnetosheath out to a radial distance of $900 R J , while 500 R J from the SunJupiter line [Kurth et al., 2002; Achilleos et al., 2004] , perhaps not fully a magnetotail encounter but still providing important information on the size of the magnetosphere several hundred Jovian radii down the tail. The first continuous in situ observations of the Jovian magnetotail ( Figure 1) al., 2007] . The New Horizons (NH) spacecraft was in the magnetotail from the closest approach to the planet on day of year (DOY) 59 of 2007 until its first outbound crossing of the magnetopause at $1650 R J on DOY 132. Between DOY 132 and DOY 172 NH passed back and forth across the magnetopause (as indicated by SWAP plasma and PEPSSI plasma and energetic particle measurements) and was still inside the magnetopause on DOY 172 (21 June 2007 0940 UTC) when PEPSSI in situ observations ended. New Horizons was 2562 R J from the planet and 415 R J from the Sun-Jupiter line (a proxy for the center of the magnetotail) at this time. The PEPSSI data were approximately continuous throughout this period except for the two large data gaps marked on the trajectory in Figure 1 .
[6] One of the many intriguing results from the NH magnetotail encounter was a 3-to 4-day quasiperiodicity in the mean plasma energy between 0.1 and 3 keV/e. McComas et al. [2007] suggested that this could be the result of repeated release of plasmoids that move down the magnetotail and expand. A higher mean energy was seen as the expanding plasmoid approached. They interpret this as being due to the sum of the velocities of the plasmoid center and the leading edge of the outer expanding boundary (both moving away from the planet, i.e., antiplanetward). The lower mean energy results from the sum of the velocities of the plasmoid center and the trailing edge: moving antiplanetward and planetward, respectively, thus partially canceling. Notably, they show that the size of these plasmoids could be enormous, on the scale of 500 R J . This interpretation of the plasma data seems to be qualitatively consistent with Kronberg et al.'s [2007] work, but there is a difference in spatial scale. Kronberg et al. [2008] statistically characterizes many plasmoids identified with energetic particle, plasma, and magnetic field data from Galileo and find that the plasmoids are typically 9 R J in size, flow down the tail at 350-500 km/s and occur on a 2 -3 day recurrence rate. An equatorial projection of the New Horizon trajectory through the Jovian system in Jupitercentered coordinates (X points from the Sun to Jupiter, Z is the cross product of X and Jupiter's orbital velocity vector, and Y completes the right-handed coordinate system). The abscissa is the distance from the planet along the Sun-Jupiter axis (with the Sun to the left) and the ordinate is the distance perpendicular to this in Jupiter's orbital plane, both in units of Jovian radii, R J = 71492 km. Vertical tick marks along the trajectory indicate the DOY in 2007, where DOY 59 is closest approach and DOY 172 is the final day of operations during this phase of the mission, when the spacecraft is more than 2500 R J from Jupiter. Along the trajectory are open circles with labels indicating the day of year event number from Table 1 , and the triangles mark the deduced injection positions where the dispersion path L is taken to be parallel to the x axis. Two dark lines near DOY 80 and 110 indicate the two longest PEPSSI data gaps during the represented period. A nominal bow shock is shown, the region inside the magnetopause is shaded gray, and the planet is shown enlarged at the origin. To indicate the length scale in this study, we have included a representation at the top of the 1 AU length from the Sun to the Earth, where the Sun's diameter is to scale but the Earth size is greatly exaggerated.
Usually multiple smaller plasmoid releases were seen, not individual, large plasmoids.
[7] Energetic particles at NH also exhibited this periodicity in recurrent bursts of ions with sulfur-rich, Iogenic composition: but the spatial scales are closer to that of Kronberg et al. [2008] . In an initial report, which excluded data after 19 May 2008, corresponding to downstream distances greater than $1800 R J , McNutt et al. [2007] identified six such events between 800 and 1600 R J showing strong evidence of velocity dispersion. In other words, if a single-source location is assumed then energetic charged particles originating there arrive at the PEPSSI instrument in a predictable way, organized by their speed. Furthermore, the coherence of the velocity dispersion suggests the particles likely travel along magnetic field lines from the source region. The initial interpretation of these events was that particles were accelerated or injected from the nightside between 200 and 500 R J and traveled down Jupiter's magnetotail propagating approximately parallel to the Sun-Jupiter line [McNutt et al., 2007] , but we show here that the injection sites are likely significantly closer to the planet. These events appear to be temporally related to the large plasmoids observed by SWAP , but the relationship is not always simple. Galileo measurements of analogous energetic bursts showed them to be rich in heavy ions such as S and O [Radioti et al., 2007] . Haggerty et al. [2009] recently used New Horizons data to demonstrate that this is also the case during energetic particle bursts observed at great distances down the tail. In this paper we extend the earlier investigation of the dispersive events by utilizing the complete data set, up to DOY 172 (21 June 2007), by extending the energy range significantly lower, from the $30 keV lower bound in the earlier study to $2 keV/nuc, by improving our analysis method, by scrutinizing a single set of events in detail, and performing simulations of downtail particle flow.
Instrumental Details
[8] A time-of-flight (TOF) instrument can measure the speed of a particle and the time of detection very robustly. Here we use this measurement technique to uncover a great deal about the energetic particles and the medium through which they move in Jupiter's magnetotail. The PEPSSI instrument is a TOF mass spectrometer that makes three types of measurements: three-parameter TOF and energy measurements of ions, two-parameter TOF-only ion measurements, and single-parameter electron measurements [McNutt et al., 2008] . The three-parameter TOF+E measurements provide the mass and energy of an incident particle. The TOF is measured via the secondary electrons generated as an ion passes through a set of $50 nm metalized films called foils. The electrons from the front (start) foil are electrostatically guided to a microchannel plate (MCP) where an electron avalanche is induced resulting in a measurable current that passes through anodes and a start signal is generated. A corresponding signal is produced at the stop foil resulting in a TOF measurement. A valid TOF measurement is a ''double coincidence'' event, a coincidence between the start and stop signals (within an appropriate time window). After passing through the stop foil the ion strikes a solid state detector (SSD) and, in the $30-1000 keV range, are stopped and their kinetic energy is measured. When a SSD signal is required along with the TOF measurement, it is said to be a ''triple coincidence.'' Given speed and energy, mass can be determined. In addition to these measurements, PEPSSI returns TOF-only measurements, which provide speed (equivalently, energy per nucleon) but no direct species discrimination, but to lower energies than the triple coincidence data. Also a subset of the SSDs have 1 mm thick Al flashing, stopping all but electrons and higher energy (low flux) protons, thus enabling electron identification and energy measurement (discussed by Haggerty et al. [2009] ). For two of the three measurement methods (the two-and three-parameter ions) PEPSSI has angular resolution in the form of six angular sectors evenly distributed in a 16°wide fan (the perpendicular direction has a 12°angular extent), a feature not utilized here. Electrons are measured in three of the six sectors.
[9] For this study we concentrate on measurements of the particle speed as only the timing of particle arrivals and particle speed are essential. More detailed aspects of the instrument response, required to determine the intensities, total energies, and species composition are not required. PEPSSI returns two types of science data for each of the three measurement methods described above, rate data and pulse height analysis (PHA) data (also known as event data). The number of all particles detected by PEPSSI is binned by energy and mass and recorded as rate data. The number of bins is limited, so detailed information is sacrificed to reduce data volume and satisfy downlink requirements. However, for a subset of particles this detailed information, such as the highest-resolution TOF and energy measurements, is retained as PHA data. All of the PHA data cannot be returned, due to bandwidth limitations, so a priority scheme is used to save the most important data, such as rare species.
Dispersive Events
[10] There are numerous particle events in the magnetotail exhibiting velocity dispersion. Here we define what we mean by velocity dispersion, introduce the analysis methods we employ, and present an overview of the data. When a population of particles is transported from a source to an observation position such that the particles' speed parallel to the local magnetic field alone (along the net direction of travel) determine the travel times, the population is said to have undergone pure velocity dispersion. For the dispersion to be apparent the population must have a sufficiently broad distribution of velocities so that a delay in the arrival of slower particles can be seen relative to the faster particles. The chief contrast to a ''dispersive signature'' in the data is an abrupt increase in particle intensities simultaneously over a broad energy range at the observation point. This is typically due to a spatial variation in which the spacecraft enters a region in which an existing particle distribution is already established. Velocity dispersion is exhibited as an onset envelope upon examination of the arrival time of particles for different particles' speeds. At a given energy there is a velocity-dependent time before which no particles are detected because even the particle traveling the most direct path has not had enough time to reach the detector. After this time particles could arrive in a single pulse (if there is a delta function injection, the particles pitch angles are zero for a travel path aligned with a magnetic field, and there are no transport effects) or be spread out (if the injection, pitch angle distribution, or transport conditions are finite). The onset envelope defined by the velocitydependent time is nearly linear in an inverse velocity display, in which the inverse particle speed is plotted as a function of observation time at the spacecraft.
[11] Figure 2 shows PEPSSI TOF data for the entire magnetospheric encounter during which the instrument was on, extending the period of data discussed by McNutt et al. [2007] . The gray scale is not directly proportional to particle intensity, but rather it indicates instrumental counts (which depend on the aforementioned priority scheme). This representation of the data relies on a simple relationship between ion speed v, dispersion path length L (the integral distance traveled by the particle as it moves from the source position to the spacecraft), and Dt = t -t o , the travel time from event injection at time t o , to detection at time t. If such a simple model applies, the linear equation
holds (for the nonrelativistic particles treated here). The slope of the line alone gives the path length.
[12] The linear approximation holds only when there is no significant relative motion between the source region and the observer. This is not the case for the fast-moving New Horizons spacecraft so a proper treatment must account for the speed of the spacecraft U sc (= 22.6 R J /day = 18.7 km/s, from 100 to 2700 R J down the tail) as it recedes from the source of the particles (the case for all of the events considered here), yielding
There are four ways in which our analysis of the dispersion events differs from the initial analysis reported by McNutt et al. [2007] : (1) This measurable but modest correction to the linear model is the first. (2) We have also extended the data to include the TOF-only measurements (only triple coincidence, TOF + energy measurements were used in the earlier work); this lowers the minimum ion speed we analyze and significantly improves the statistics, especially at lower speeds (from 2007 DOY 6 to 172 there are 1.5 Â 10 6 triple coincidence events versus a total of 4.1 Â 10 6 events that include TOF measurements). (3) We have extended the data set by adding events observed to occur after DOY 129. (4) We have analyzed each event in greater detail, in the following ways: We have fit the onset envelopes to a two-dimensional histogram rather than a scatterplot, which prevents information loss resulting from saturation of individual data points. To ward against a systematic bias that could be introduced by unfortunate bin size selection, we utilize multiple bin sizes when we fit the onset envelopes. We have also split two of the McNutt et al.
[2007] events into multiple events and fit each constituent event separately. These four improvements to the analysis techniques result in a quantitative difference from some of the dispersive properties reported previously.
[13] An overview of the PEPSSI ion observations from DOY 55 (24 February) to DOY 172 (21 June) of 2007 is given in Figure 2 . The abscissa is day of year 2007 and the ordinate is particle speed in an inverse velocity scale. The inverse velocity is directly proportional to particle time of flight, which is directly measured by PEPSSI; therefore these data are nearly raw, requiring minimal processing. No selection based on energy, species, angular direction, or other inferred features are made. Immediately apparent are the recurrent diagonal features seen around DOY 97, 102, 104, 118, 124, 129, 134, 145, 149, and 157 , where these days are based on the calculated injection times given in Table 1 . The injection time t o , (see equation (1)) is the time when the event begins at the source location (i.e., nearer to Jupiter than the spacecraft). There may be additional, subtler events, with onsets (the earliest time when an enhancement is observed) on DOY 137, 140, and 150, for instance, but in this brief report we restrict the overview to the obvious cases that are unambiguously amenable to our method of analysis. For example the subtler cases might require selfcorrelation analysis or particle transport modeling to untangle. The nearly linear onset of these events is emblematic of the velocity dispersion signatures described. These events exhibit $4-to 5-day quasiperiodicity, which is essentially a time scale of recurrence of the three events before the DOY 106-112 data gap and the remaining events after the data gap, including subtle events. By fitting the onset envelops as described above we determine two parameters for each event, the dispersion path length L and the injection time t o . Because the maximum particle speed in a given population indicates approximately when (after CA) the magnetopause was first encountered (DOY 132), afterward there are several more crossings back and forth across the magnetopause, not shown. Radial distances are regularly labeled at the top of each panel. The ordinate is particle speed in an inverse velocity scale and energy per nucleon labels are given on the right. The gray scale indicates the number of particles counted in a 1.7 Â 10 À5 s/km inverse velocity bin and 1 h event time bin. The recurrent diagonal features are bursts of ions flowing down the tail, exhibiting velocity dispersion. Each event in Table 1 is marked below the panel by a pair of filled, oppositely oriented right triangles, where the leftmost triangle indicates the injection time t o and the triangle on the right indicates the event onset at the spacecraft (time of first clear observation). Empty equilateral triangles are used to indicate the rough onset time of more subtle events that are probably dispersive (but not included in this study). Finally, empty diamonds are placed below events where there is sign of an energy-dependent feature that is not characteristic of velocity dispersion. Events with enhancements or rarefactions at most energies simultaneously are probably due either to the spacecraft entering a new spatial regions with higher or lower particle intensity or to an instrumental feature such as the ramping of the high voltage power supply down and up to mitigate against damage to the instrument from exposure to the Sun. is finite, the onset of the event at the spacecraft is always later than t o typically by a few hours. The delay could be due to an initial lack of magnetic connection while the event is young. The path length is the distance traveled by the particles along their path, meaning the separation between the spacecraft and the source location at the time of injection would be the same as L only if the path were a straight line.
[14] Table 1 shows the parameters from each of the events using equation (1). In addition to t o and L we provide the radial distance of the spacecraft from Jupiter. To determine where the source of the particle bursts is, we then make the assumption that the path taken is approximately radial, $equal to travel along the Sun-Jupiter line. The source location given is then simply the difference between the distance of New Horizons from Jupiter and the dispersion path length. If this difference is negative, zero is quoted and the uncertainty adjusted such that the lower bound includes the negative value less the original uncertainty on L. This is the case for event 145, which also has very large uncertainty of 350 R J . This large range arises from the fact that the onset curve has a ''break'' in middle of DOY 146, with the slope shallower before and steeper after this break. This can be seen in Figure 2 , but is easier to see in the larger and varied formats actually used to identify the onsets (not shown, but the case study of event 118 provides an analogy). The two slopes result in the limits of the quoted dispersion path length of 2010 ± 350 R J . It is possible that this is a compound event that requires in-depth study beyond our current scope.
[15] From close approach on DOY 59 until first labeled event (97) there are no easily identifiable dispersion events. This is not to say that evidence might not exist, but any cases will require special treatment, for example: analysis of PEPSSI's six angular sectors and multiple rate channels (which have not fully been intercalibrated) or combined analysis with the SWAP instrument's measurements. Before the DOY 78 -82 data gap (resulting from a spacecraft anomaly), New Horizons was three-axis stabilized and it is possible that PEPSSI's look direction is not conducive to identification of dispersive events. But this would not explain the lack of clear events from DOY 83 to 96. There are as yet unexplained features on DOY 83 and 86, for example, that appear to show particle intensities dropping first at low speeds and then progressively to higher speeds.
To determine whether or not there are dispersion evens during this period before DOY 97 will require effort beyond the scope of this report.
[16] We find that the first eight events 97a -124 all have source locations no greater than 204 R J down the tail and determine an average downtail source position of 150 ± 40 R J . Four methods were used to calculate the average distance: (1) average of all events from 97 to 129, (2) average the same range but only counting the composite events once, (3) same as method 1 but excluding 129, and (4) same as method 2 but excluding 129. The resulting values, with formally propagated errors are 172 ± 38, 171 ± 40, 143 ± 42 and 122 ± 48 R J , respectively. From this we chose the average of the four methods, 152 R J , and the average of the four uncertainties, 42 R J . This defines a range, 110-194 R J , that encompasses the range of the four techniques, 122 -172 R J , so we selected this value and uncertainty and, using the appropriate number of significant digits, arrived at 150 ± 40 R J as our best determination of the source distance based on the present analysis. After DOY 124 the calculated source distances increase from $400 R J to 1100 R J as the spacecraft travels down the tail. These two distinct regimes coincide with the earlier period (before DOY 129) where the spacecraft is well within the magnetotail, and the later period (after DOY 129) where the spacecraft is near the magnetopause, crossing it every few days and moving repeatedly between the magnetotail and the magnetosheath (the first crossing is on DOY 132). The spacecraft also is moving to higher latitudes and is getting farther away from the Sun-Jupiter line. The relationship between the spacecraft position and the derived source location is shown in Figure 3 .
[17] Hence, if we assume particles travel along magnetic field lines aligned approximately along the Sun-Jupiter line, the eight events that occur before NH nears the magnetopause can all be traced to a source region on the postdusk side between 0 and 204 R J with an average distance of 150 ± 40 R J (see Table 1 ). Woch et al. [2002] found the separatrix between inward and outward flowing particles at $80 R J at dawn and 120 R J at midnight. The present study would add 150 R J at dusk, which was beyond Galileo's orbit, preventing an earlier determination of the separatrix [Woch et al., 2002] . The events are recurrent in nature, meaning they are not continuously observed at the spacecraft and on the scales considered here, this source region is quite confined spatially. As other authors have concluded [e.g., Krupp et al., 1998; McNutt et al., 2007] , this suggests there is a periodic launching of particle populations in the magnetosphere. From the great distances down the tail it is not easily determined how the observed particles are accelerated. The New Horizon contribution to this question must await a careful analysis of the in situ PEPSSI and SWAP data at $150 R J . However, one problem with the nightside reconnection interpretation is that we don't begin to see well-formed 4 -5 day events until DOY 97 when NH climbs to higher latitudes, whereas the reconnection should take place in the equatorial regions. [2007] have discussed a scenario of magnetic reconnection along the flanks rather than in the tail that could result in a region of mass flow from the flanks out along the magnetopause. If this is true there could be some kind of latitude dependence that may explain the lack of recurrent events while NH is near the equatorial plane. Discerning the acceleration process is not a part of this study, which focuses on the dispersion events and what they can tell us about the large structure of the tail itself.
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Case Study 28 April 2007: Observations
[18] We examine one of the events in detail to reveal properties of the particles comprising the burst and the medium through which they move. On DOY 118 (28 April 2007) there are three events that occur within close proximity to one another. The relationship between these three subevents, 118a -118c, provides information about the transport of ions and small-scale structures, and clues about global magnetotail structures themselves. Figure 4 is similar in format to Figure 2 but focuses on the 1.4 days that include the cluster of events initiated on DOY 118. This is not the only compound event observed; event 97 is also composed of more than one event. Likewise a potentially related set of events at $100 R J was reported by Krupp et al. [1998] to last over a day and include three distinct constituent events. In fact, in the near Jovian magnetotail such sets of events are quite common [e.g., Kronberg et al., 2009] . We have divided event 118 into five periods, defined in Table 2 and labeled in Figures 4, 5, and 6. Period A begins at the end of a data gap, DOY 118 1807 UTC, but the event itself does not unambiguously begin until 2000, where in Figure 4 it is identified by its onset curve, the first diagonal line from the left. The event ends abruptly at 119 0030, as seen in Figure 4 where the counts (gray scale) decrease at all speeds. This decrease is concurrent with a 1 h instrument mode in which there are four times as many PHA data telemetered; this results in the vertical stripe during the 0000 -0100 interval on DOY 119, which obscures the transition. In Figure 5 , 10 min averaged rate data are shown (which do not suffer from the obscuration), and the intensity decrease is clearly seen in the 70-170 keV and 170-350 keV protons. During period B, immediately following the intensity decrease, another weaker dispersion event is apparent and marked with the second diagonal white line in Figure 4 . Then the end of period B and start of period C occurs at 119 0710 UTC, defined by the slightly later onset line (third from the left, Figure 4) and Figure 3 . The source position of the injections is determined using equation (1), tabulated in Table 1 and plotted here against the location of the spacecraft at the time of the observation. The secondary axes provides the day of year 2007. The source position assumes radial (centered on the planet) propagation from the source to the spacecraft (at the distances here, radial is close to parallel to the Sun-Jupiter Line). The number next to each symbol is the day of year of the event injection time. Before New Horizons neared its first outbound magnetopause crossing the events are consistent with a common source region 150 ± 40 R J down the tail. After this, in a region alternately engulfed by the magnetotail or the magnetosheath, the large increase from a calculated 400 to 1100 R J source suggests a different mechanism or source than for the 150 R J magnetospheric region. the marked increase in intensity as seen in Figure 5 , e.g., 22-46 keV/nuc O. Period D begins on DOY 119 1310 UTC and is defined by the vertical onset between $1200 -1600 km/s in Figure 4 and seen clearly in the 7 -10 keV/ nuc O trace in Figure 5 . Finally a vertical feature in Figure 4 at 2210 UTC, as seen in small variations in Figure 5 rates (e.g., 10-22 keV/nuc O), defines the beginning of period E, the end of which is set by the data gap starting at 120 0331 UTC.
[19] Our analysis indicates that during the start of period A the spacecraft was magnetically connected to a source region roughly 150 R J down the tail from Jupiter. Some acceleration event or sudden connection took place at the source region: perhaps a magnetic reconnection event occurred or an existing pool of energetic particles came in contact with the field line connected to the spacecraft. Regardless of the details of this injection, subsequently there was a flow of particles from the night side $150 R J , down the magnetotail, and to the spacecraft. In period B an event with a different history is observed; the spacecraft exited the first region and entered an adjacent region, which was magnetically connected to a somewhat different source along a similar path or the region became connected to the same source at a somewhat different time. A different region, time history, or both are implied because the event during this period has a later onset by about 5 h and a parallel onset envelope indicating a similar source position. In period C, a third propagation history is observed and, furthermore, a higher Table 2 and labeled at the top. The three diagonal lines are the nearly linear curves given by equation (1) for the data listed in Table 1 for events 118a, 118b, and 118c, from left to right. Figure 5 . Normalized counting rate plotted as a function of day of year 2007 and time (UTC). These nine rates, all from the triple-coincidence time-of-flight + energy data, providing mass and energy resolution, are essentially highest-to-lowest energy per nucleon, from top to bottom: 170-350, 70 -170, and 30-70 keV H; 15-72 keV/nuc O and S; 22-46 and 10-22 keV/nuc O; 9 -18 keV/nuc S; and 7 -10 and 6 -7 keV/nuc O. The counting rates are instrument-specific, and the arbitrary normalization factors are listed. The periods of interest A-E used in Figure 4 and described in Table 2 are labeled at the top. Most obvious is the initial event onset starting at the highest energy and progressing down to the lower energies, in analogy with the general diagonal onset features seen in Figure 4 . intensity (than during period B) is measured at the spacecraft. It is possible that periods B and C do not represent different propagation histories; that is, they makeup a single period and the intensity change is not due to a transition to another regions, but this would not change the results of this paper. There is yet another transition (period D) as New Horizons enters another region. Importantly, this region has evidence of an event older than those observed in periods B and C because the onset envelope increase to above the diagonal onset lines in Figure 4 . Qualitatively, we are able to join periods D and E to period A, suggesting we are again viewing particles with the same transport history as those observed during period A. The graphic in Figure 7 shows flux tube geometry consistent with the data. Here the spacecraft passes through three field line groups, or flux tubes, each with different characteristics (such as different paths between NH and the source region and/or different transport conditions). Periods A, B, and C, correspond to the intervals when the spacecraft is traveling within tubes A, B, and C on the left side and middle of Figure 7 , respectively, and then periods D and E correspond to the period when the spacecraft has reentered tube A on the right side of Figure 7 . Although we cannot strictly rule out sheet topology, there is no evidence for it; the continued high intensity of the bursts is more consistent with particles injected into tubes and remaining cohesive than particle released into broad sheets in which they would spread out.
Case Study 28 April 2007: Particle Simulations
[20] To probe this spatial structure further, we have created a simulated data set for this period and region of space. We perform a straightforward calculation including multiple species with independent power law source spectra and pitch angle effects, but no transport except the travel time of particles along a path (i.e., no scattering, drifts, etc.). It is a simple analytical calculation that we repeatedly evaluate and integrate computationally to allow a comparison between the PEPSSI measurements and constructed rates for the same energy passbands. For each of three species, H, O, and S, we start with a single-parameter power law source spectrum of the form E Àg , where E is energy per nucleon, g is the (positive) spectral index, and cos n a is used for the pitch angle distribution, where the pitch angle a is the angle between the particle's total velocity and the local magnetic field line, here assumed to be equivalent to the particle's path. The Galileo observations from Mauk et al. [2004] are used to set the spectral indices. For this study the counting rate is normalized arbitrarily to avoid calibration issues that are not important for the present study. At a given energy per nucleon and pitch angle there is a single propagation speed v k = vcosa along the particle path where we have v = ffiffiffiffiffiffiffiffiffiffiffi ffi 2E=m p and an arrival time T A for each L (from Table 1 ). Note that it is v k that dictates when the particle will be detected, it is v that determines the measured particle energy, and the two quantities are equal only for a = 0. The arrival time T A for a species of mass number A at a given energy and pitch angle is thus
The particle mass number A does not enter the calculation except to define a different source spectrum. To produce a Figure 6 . Simulated counting rates of the same species and energies as in Figure 5 , and in the same format (see caption). This analytical calculation (equation (1)) is carried out with 220,000 runs per species with results summed over the PEPSSI energy passbands to mimic the instrument response. The boundaries are as described in Table 2 and in this calculation indicate transitions from regions within which a given event is observed into a second region subject to another event. The three events 118a, 118b, and 118c are run identically (their dispersion path lengths are treated as identical); only their starting times differ as given in Table 1 . The portion of the three events that is observed depends on which of the three regions the spacecraft is in. quantitative model, we allowed each source spectrum to be composed of N = 220,000 particles ordered in energy and distributed in a power law spectrum covering the energy range of 10 keV to 1 MeV. Each particle has a different energy E i , finely dividing up the energy range into N energies. But the spacing between energies is not constant, rather the energies are power law scaled using the index g, so the spacing is tighter at low energies and more relaxed at high energies, corresponding to the E Àg intensity drop as a function of energy. For computational convenience a random number generator is then used to select pitch angles for each of the particles such that the cos n a pitch angle distribution is approached in the infinite limit. Using the energy and pitch angle for each of the N particles, T A from equation (1) is evaluated N times. Then for the simulated counting rate with a given energy band E min to E max we calculate C j the histogram of T A (E min < E < E max , a) with a 6 min bin size, for which each bin represents an arrival time t. The value of each element of C j is the number of particles for each 6 min time bin, i.e., counts as a function of time for a particular rate selected to match the PEPSSI data.
[21] The simulated data are displayed in Figure 6 , which is formatted in the same fashion as the data of Figure 5 . Here we use 2.80, 3.7, and 3.77 for the g H , g O , and g S spectral indices, based on power law fits to Galileo equatorial, near -local midnight observations at 39 R J made by Mauk et al. [2004] , which are well represented by power laws above 300 keV. These indices serve only to specify the weighting of different energies in each of the simulated channel and therefore weakly influence the simulation's quantitative results. The only free parameter in the calculation is the pitch angle distribution index n. The results are not strongly sensitive to a particular choice (we use n = 3). For the injection times we used the independently determined values listed in Table 1 . The absolute intensities are unimportant and are arbitrarily normalized. For the special case of the combined O and S channel we assume each species contributes equally to the PEPSSI counting rate, which is consistent with the observations. (The results are not sensitive to this choice. If, for example, we assume there is twice as much S than O, this would not change the timing of the onset and decay shown in Figure 6 , but rather would modify the details of the temporal curve, resulting in a slightly gentler increase since a larger proportion of slower particles would be in the mixture, and arrive later. This is similar to the sort of effect a slope change would have on the details of the temporal profiles for single-species rates.)
[22] The main features of the measured data are quite well reproduced, most importantly the timing of the various onsets, duration of the increases, and the discrete boundary crossing features closely track their counterparts in the measured data. Some key features of the comparison between Figures 5 and 6 are as follows:
[23] 1. The dual peaks in the 170-350 keV and 70-170 keV H in periods A and B appear in the observations and calculation, and the end of the first peak in each rate coincides with the transition to period B.
[24] 2. In both cases the time profile of 30-70 keV H is roughly a single peak with an onset in period B, peak in period C, and decrease in period D, despite the three different regions in our interpretation. This same sort of agreement is seen in the broad 10 -70 keV/nuc rate combining O and S.
[25] 3. The abrupt onset of 22-46 keV/nuc O at the start of period C is clear in both Figures 5 and 6. [26] 4. The 10-22 keV/nuc O and 9 -18 keV/nuc S rates begin the increase in period C and reach the peak in period D in both the calculation and observations. The calculation does show a significantly slower decay than the observations and transport effects could explain this behavior, as could a more realistic pitch angle distribution. For example, Giacalone et al. [2000] modeled solar energetic particle events that showed velocity dispersion bearing some resemblance to the events we observed and found that diffusion of particle between adjacent guiding field lines and meandering of the field lines themselves resulted in cross field diffusion. This permits some particles to exit the flux tubes before arriving at the spacecraft, particularly those with large pitch angles, which arrive later than ions with small pitch angles. This means the intensity profile in our simulation will decrease more slowly than the observed profiles if such a transport process is in effect.
[27] 5. The 7 -10 keV/nuc O rate in both cases increases sharply at the beginning of period D.
[28] 6. Finally, the 6-7 keV/nuc O does not begin to increase until period D. Despite some differences, we believe the good agreement achieved by using only an analytical function (equation (2)) is striking. We did not account for spacecraft motion in this calculation and also note that the constraints imposed by the region B to C transition are considerably weaker than those required by the A to B and the C to A transitions. The success of such a simple model at reproducing the primary observed features underscores the applicability of our basic interpretation: the spacecraft is passing between distinct spatial regions (groups of field lines) with different topological connections to the source region.
[29] These observed multiple spatial transitions provide fundamental information about the scale size of the structures in the magnetotail through which the dispersive particles propagate. If the regions filled with these particles were very large (several tens to hundreds of R J ) then it would be unlikely that New Horizons would have encountered a boundary during an event that lasts about a day, much less several boundaries. The typical timing between the spatial boundary crossings is about 6-12 h (depending, for example on whether one considers Regions B and C to be a single tube or not). Because the spacecraft travels $1 R J each hour, this immediately tells us that the spatial scale of these structures is of the order of 10 R J . We also estimate the minimum curvature of these narrow spatial structures simply by measuring the distance between the point of exit and entry into the period A/D region, 13 R J , and by assuming that the spacecraft during period B and C must be a distance of at least one gyroradius from the A/D region to avoid intermingling of particles between the adjacent regions. It is during the beginning of period B in the 70-170 keV protons ( Figure 5 ) that there is a good opportunity to estimate the separation because we know that the protons are there, in the adjacent tube (since NH just left that tube when the intensity was high) and the protons for the event in the current tube begin to arrive later on in period B. For illustrative purposes note that this is most clearly seen in the simulated data in Figure 6 , where this dearth of particles (from either the approaching event or the filled adjacent tube) appears as a notch in the 70-170 keV H rate from $0030 to 0300 UTC on DOY 119. To estimate a gyroradius we assumed a 0.5 nT field strength, which is roughly the Parker spiral interplanetary field strength at Jupiter's orbit [Ness and Burlaga, 2001] , because both a pure dipole and the Khurana [1997] model field fall below this level in this region of the tail. So for 110 keV protons (the geometric mean of the 70 -170 keV channel) the gyroradius and hence the assumed separation between tubes is 1.3 R J , so the corresponding local radius of curvature is 17 R J . In this curved, stationary interpretation the filament diameter would be $ 5 R J (formally, 3 -7 R J depending on whether 6 or 12 h is taken to be a typical transit time through a tube). The scale of this diameter is similar to the >10 R J wide filaments discussed by Kurth et al. [1982] . They suggested that such filaments were possible, based on plasma wave and thermal plasma measurements made during the Voyager 2 deep tail encounter. Voyager 2 crossed the tail with a large transverse component to the Sun-Jupiter line, so if one ignores the possibility that the transverse component of a flapping tail was coincidentally moving at the same speed as Voyager 2, then the authors identify 10 R J as a lower bound of the width of one of many filaments or of the sole core of the entire tail itself (they offer more than one interpretation consistent with their measurements). Similarly, another valid way to interpret the PEPSSI data is to consider that the filaments are flapping to and fro across the spacecraft trajectory rather than the spacecraft piercing a stable configuration. It would then be necessary to account for the transverse speed of the tube to determine its diameter. We have not yet established how to distinguish between these two possibilities experimentally, and of course there very well could be both filament curvature and transverse motion.
Summary
[30] During the New Horizons spacecraft's $2500 R J long excursion down Jupiter's magnetotail (Figure 1 ) there are at least ten instances of particle bursts emptying material from the magnetosphere into the tail (Figure 2 ). These bursts (composed of protons and Iogentic ions) have a recurrence rate of about one event every 4-5 days, and the particle transport is well described as being pure velocity dispersion (equation (1)). When the dispersive characteristics of the events are quantified under the assumption that the particles travel radially from Jupiter to the observation point (Table 1) we find a common source location at about 150 ± 40 R J down the tail, based on measurements inside the magnetotail, away from the magnetopause. Once the spacecraft nears the MP and crosses in and out of the varying magnetosheath, the source and spacecraft positions increase together (Figure 3) , suggesting that the source differs from the $150 R J source and that the configuration is more complicated than for the events observed within the tail. Generally the recurrent events we have observed are consistent with the earlier 2 -3 day quasiperiodic events seen at Galileo. That the NH recurrence rate is longer than this is not surprising since the spacecraft is not well connected to all injection sites, so some events will undoubtedly be missed. For the event beginning on DOY 118, selected as a case study (Figures 4 and 5) , there are actually three events that occurred within several hours as the spacecraft moves through at least two separate regions, one of which it exited and then later reentered (Figure 7) . A simple analytical calculation of the travel time of a particle with a given energy and pitch angle (equation (2)) was used to create simulated time profiles (Figure 6 ) that match the key features of the data very well, strongly supporting the velocity dispersive and multiregion interpretation. The scale size of these tubes is 5 R J wide, and an estimate of the curvature radius is $17 R J (assuming a stationary configuration), filamentary on the scale of the entire magnetotail.
